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Geographic Distribution of Soybean Aphid Biotypes in the United States
and Canada during 2008–2010
Abstract
Soybean aphid (Aphis glycines Matsumura) is a native pest of soybean [Glycine max (L.) Merr.] in eastern Asia
and was detected on soybeans in North America in 2000. In 2004, the soybean cultivar Dowling was
described to be resistant to soybean aphids with the Rag1 gene for resistance. In 2006, a virulent biotype of
soybean aphid in Ohio was reported to proliferate on soybeans with the Rag1 gene. The objective was to
survey the occurrence of virulent aphid populations on soybean indicator lines across geographies and years.
Nine soybean lines were identified on the basis of their degree of aphid resistance and their importance in
breeding programs. Naturally occurring soybean aphid populations were collected in 10 states (Kansas,
Illinois, Indiana, Iowa, Michigan, Minnesota, North Dakota, Ohio, South Dakota, and Wisconsin) and the
Canadian province of Ontario. The reproductive capacity of field-collected soybean aphid populations was
tested on soybean lines; growth rates were compared in no-choice field cages at each geographic region across
3 yr. The occurrence of soybean aphid biotypes was highly variable from year to year and across environments.
The frequency of Biotypes 2, 3, and 4 was 54, 18, and 7%, respectively, from the 28 soybean aphid populations
collected across 3 yr and 11 environments. Plant introduction (PI) 567598B, a natural gene pyramid of rag1c
and rag4, had lowest frequency of soybean aphid colonization (18%). Several factors may have contributed to
the variability, including genetic diversity of soybean aphids, parthenogenicity, abundance of the
overwintering host buckthorn (Rhamnus spp.), and migratory patterns of soybean aphids across the
landscape.
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RESEARCH
The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a native soybean [Glycine max (L.) Merr.] pest 
in eastern Asia and also has become an important insect pest of 
soybean, Glycine max (L.), in the northcentral region of the United 
States over the last decade (Ragsdale et al., 2011). The first doc-
umented occurrence of soybean aphid in North America was in 
Wisconsin in 2000 (Hartman et al., 2001). Yield losses in soybean 
attributed to the soybean aphid have been reported as high as 50% 
(Wang et al., 1994; Ragsdale et al., 2007). Economic losses attrib-
uted to soybean aphid have been calculated between US$2.4 and 
US$4.9 billion annually due to yield losses and increased input 
costs, such as scouting and insecticide usage (Song et al., 2006; Kim 
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ABSTRACT
Soybean aphid (Aphis glycines Matsumura) is a 
native pest of soybean [Glycine max (L.) Merr.] 
in eastern Asia and was detected on soybeans 
in North America in 2000. In 2004, the soybean 
cultivar Dowling was described to be resistant 
to soybean aphids with the Rag1 gene for resis-
tance. In 2006, a virulent biotype of soybean 
aphid in ohio was reported to proliferate on soy-
beans with the Rag1 gene. The objective was to 
survey the occurrence of virulent aphid popula-
tions on soybean indicator lines across geog-
raphies and years. Nine soybean lines were 
identified on the basis of their degree of aphid 
resistance and their importance in breeding 
programs. Naturally occurring soybean aphid 
populations were collected in 10 states (Kan-
sas, Illinois, Indiana, Iowa, Michigan, Minnesota, 
North Dakota, ohio, South Dakota, and Wiscon-
sin) and the Canadian province of ontario. The 
reproductive capacity of field-collected soy-
bean aphid populations was tested on soybean 
lines; growth rates were compared in no-choice 
field cages at each geographic region across 3 
yr. The occurrence of soybean aphid biotypes 
was highly variable from year to year and across 
environments. The frequency of Biotypes 2, 3, 
and 4 was 54, 18, and 7%, respectively, from the 
28 soybean aphid populations collected across 
3 yr and 11 environments. plant introduction (pI) 
567598B, a natural gene pyramid of rag1c and 
rag4, had lowest frequency of soybean aphid 
colonization (18%). Several factors may have 
contributed to the variability, including genetic 
diversity of soybean aphids, parthenogenicity, 
abundance of the overwintering host buckthorn 
(Rhamnus spp.), and migratory patterns of soy-
bean aphids across the landscape.
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et al., 2008a). Between 2000 and 2003 the soybean aphid 
spread to 21 states of the United States and three Canadian 
provinces, threatening 80% of North American soybean 
growing regions (Ragsdale et al., 2004). On soybeans, 
soybean aphids reproduce asexually and with ideal condi-
tions can undergo up to 18 generations in a growing season 
(McCornack et al., 2004). Soybean aphid populations gen-
erally double every 6 to 7 d but can double in as little as 2 
to 3 d; this means management must be timely and coupled 
with regular scouting programs (Hodgson 2013; Ragsdale 
et al., 2007). The primary control method for soybean 
aphids has been with foliar-applied insecticides, primarily 
using products from the pyrethroid and organophosphorus 
classes (Ragsdale et al., 2011; Ragsdale et al., 2007).
Host-plant resistance offers an additional comple-
mentary management tactic in an overall integrated pest 
management program. More than 3500 soybean acces-
sions were screened, resulting in the identification of 
only 30 soybean accessions with either antixenosis- and/
or antibiosis-type resistance to the soybean aphid (Hill et 
al., 2004a,b; Mensah et al., 2005; Diaz-Montano et al., 
2006; Mian et al., 2008a; Jun et al., 2012; Bansal et al., 
2013; Fox et al., 2014; Hesler et al., 2013; Jun et al., 2013; 
Kim et al., 2014; Xiao et al., 2013; Bhusal et al., 2014; 
Liu et al., 2014). Antixenosis-based resistance refers to a 
nonpreference of insects for behaviors like feeding and 
oviposition that can result in the poor establishment of 
an insect (Smith, 1989). Antibiosis-based resistance refers 
to an adverse effect of the host plant on the insect sur-
vival, development, and reproduction often exhibited by 
larval death or abnormal larval growth (Smith, 1989). A 
number of independent aphid resistance Rag (resistance 
to Aphis glycines) genes have been mapped and described, 
including: Rag1 (Hill et al., 2006a,b; Li et al., 2008), 
Rag2 (Kang et al., 2008; Mian et al., 2008b), rag1c, rag4 
(Zhang et al., 2009), and Rag3 (Zhang et al., 2010). Rag1 
was identified in the soybean cultivar Dowling and pro-
vides strong antibiosis-type resistance; it is a single domi-
nant gene and maps to soybean linkage group (LG) M 
or chromosome 7 (Li et al., 2004; Hill et al., 2006a; Li 
et al., 2008). An unnamed Rag gene was initially identi-
fied in cultivar Jackson; it is also a single dominant gene 
that maps to the same genomic region and is allelic to 
Rag1 (Hill et al., 2012). Antibiosis-based resistance was 
also identified in plant introduction (PI) 567541B and PI 
567598B and was found to be controlled by two recessive 
genes (Mensah et al., 2005; Mensah et al., 2008). The rag1c 
and rag4 genes from PI 567541B were mapped to LG M 
and LG F (chromosome 13), respectively. Rag1 and rag1c 
mapped to a similar region on LG M, but the allelic rela-
tionship is unknown. Rag2 confers antibiosis and was dis-
covered independently in two accessions, PI 243540 and 
PI 200538, and maps to LG F (Kang et al., 2008; Mian 
et al., 2008b; Hill et al., 2009). Meng (2010) identified 
an unnamed gene, [Rag]_K1621, on a similar region to 
Rag2 on LG F. Rag3 is a single dominant gene identified 
from PI 567543C and mapped to LG J or chromosome 
16 (Zhang et al., 2010). Additionally, a major gene, Rag5, 
that provides antixenosis was identified in PI 567301B and 
mapped to a similar region as Rag2 on LG F ( Jun et al., 
2012). More recently, a single dominant aphid resistance 
gene, Rag6, was identified in P203 and mapped on LG A2 
or chromosome 8 (Xiao et al., 2013).
Subpopulations of insects capable of surviving on 
resistant plants occur in several crop systems, including 
wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), 
melon (Cucumis spp.), and apple (Malus domestica) (Berzon-
sky et al., 2003; Bus et al., 2008; Murugan et al., 2010; 
Thomas et al., 2012). These populations are often desig-
nated as biotypes and defined by their ability to survive 
and develop large colonies (i.e., virulence) in relation to 
plants with varying levels of resistance or with differ-
ent resistance genes (i.e., soybean indicator lines). In the 
context of this study, virulence is defined by relative dif-
ferences in aphid population growth and survival rates for 
an aphid population on a resistant and susceptible cultivar. 
The term biotype is defined as “populations that are able 
to reproduce and survive on cultivars developed for resis-
tance to this insect” (Downie, 2010). Soybean aphids that 
are avirulent on any known Rag gene containing soybeans 
are considered Biotype 1. Five years before the release of 
commercial cultivars with Rag1, a soybean aphid biotype 
(Biotype 2) was identified in Ohio on the basis of its abil-
ity to colonize Rag1 soybeans in fields in 2005 (Kim et al., 
2008b). From field observations, Biotype 2 (Rag1 virulent) 
was initially believed to be more predominant in eastern 
North America (Kim et al., 2008b). However, field tests 
across a multistate region indicate that survival by soybean 
aphid populations on Rag1 soybeans was not limited to 
Ohio (Hesler et al., 2013). Since the discovery of Biotype 
2, at least four biotypes have been identified in the United 
States with tolerance to other Rag genes with limited selec-
tion pressure, suggesting soybean aphids may have broad 
genetic variability and can rapidly adapt to many host 
plant resistance genes (Kim et al., 2008b). For example, 
Biotype 3 was collected in Indiana and is able to prolif-
erate on soybean plants with Rag2 but in lesser numbers 
than on Rag1 genotypes (Hill et al., 2010). Additionally, 
Biotype 4 was collected in Wisconsin and reported to sur-
vive and reproduce on soybean plants with both Rag2 and 
Rag1 genotypes (Alt and Ryan-Mahmutagic, 2013). Most 
recently, Zhong et al. collected four soybean aphid popu-
lations from different provinces in China, evaluated the 
ability of the aphid populations to colonize soybean plants 
with Rag1, Rag2, Rag3, Rag5, or Rag6, and found that each 
soybean aphid population possesses a unique virulence 
profile (2014). The distribution of soybean-aphid-biotype 
soybean-growing regions is not well understood.
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Soybean Aphid Field Populations
A total of 28 soybean aphid populations were collected from 
2008 to 2010 from commercial soybean fields in selected regions 
in the United States and Canada (Table 2). Each location was 
considered to have a unique population of soybean aphids 
(hereafter referred to as populations) that is potentially com-
prised of a community of different biotypes. Plots of susceptible 
soybean cultivar Wyandot were planted at least a month before 
planting soybean indicator lines and used to develop a nursery 
population of soybean aphids for infesting soybean indicator 
lines. The planting date varied by region. Typically, Wyandot 
was planted in late June. When local field populations could not 
be collected in any particular year on time for the experiments, 
laboratory colonies originating from state collections the previ-
ous year were used (Table 2). The susceptible soybean plants 
were caged to reduce population loss due to predation, para-
sitism, and migration in each environment. Populations were 
allowed to build for 2 to 6 wk or until sufficient numbers were 
reached for infesting soybean indicator lines.
Aphid Resistance Evaluation
Although biotypes may develop to overcome antibiosis and/or 
antixenosis resistance, this study focused on antibiosis using a 
no-choice design (Smith and Boyko, 2007). Indicator lines were 
exposed to populations of soybean aphids that potentially com-
prised a community of different biotypes. The survival of these 
putative biotypes was measured using a no-choice exclusion cage 
experiment where a single indicator line comprised of several 
plants was enclosed within an individual cage. The soybean indi-
cator lines (Table 1) were planted in a single row at a density 
of 15 seeds per ~1-m row (3-ft row), thinned back to 10 plants 
per ~1 m, and each plot was individually caged (94 × 43.2 × 
91.4 cm, L × W × H) with no-seeum mesh (Trivantage); soy-
bean lines were caged soon after emergence to protect the plants 
from unintended insect pests and aphid predators. The cages of 
This study was conducted to better understand (i) 
the virulence frequency of soybean aphid populations 
on a panel of soybean indicator lines across geographies 
and years and (ii) compare the soybean aphid popula-
tion development on soybean indicator lines artificially 
infested with field-collected soybean aphids from multiple 
geographies and years. Currently, over 30 soybean acces-
sions with resistance to soybean aphid have been reported, 
but a select number of sources are currently used by public 
and private breeding programs (Hill et al., 2012; McCar-
ville et al., 2012). Therefore, nine aphid resistant soybean 
lines were selected on the basis of unique resistance and 
potential to be deployed in the field.
MATERIAlS ANd METHodS
Soybean Indicator lines
One susceptible soybean line and nine aphid resistant soybean 
lines were selected on the basis of the source of resistance and 
potential for deployment in commercial soybean production 
fields (Table 1). A plant line is defined as progeny of a plant. In 
this study, a line may be a soybean cultivar or plant germplasm 
accession. The susceptible check ‘Wyandot’ was developed 
by the Ohio Agricultural Research and Development Center 
(OARDC) and released in 2006. Wyandot was chosen as the 
standard susceptible soybean line on the basis of performance in 
prior greenhouse and field screenings (Kang et al., 2008; Mian 
et al., 2008a). In addition, the Wyandot is used in calculating a 
damage index (DI, see description below) (Zhang et al., 2009). 
The soybean indicator lines vary in maturity from maturity 
groups II to VIII. The wide range in plant maturity was not 
expected to impact the assessment of soybean aphid coloniza-
tion of the plant because the assessment was conducted during 
vegetative growth. Furthermore, soybean aphid growth is not 
affected by the planting date, maturity group, or physiological 
age of the plant (Hill et al., 2004b; Rutledge and O’Neil, 2006).
Table 1. Soybean aphid indicator lines.
Line
Maturity 
group Descriptor Gene
Linkage 
group Reference
K1621 iV Resistant [Rag]_K1621 F Meng, 2010
Pi 567598B iii Resistant rag1b,rag3 M, J
Pi 567541B iii Resistant rag1c, rag4 M, F Zhang et al., 
2009
‘Dowling’ Viii Resistant Rag1 M Hill et al., 
2006a
‘Jackson’ Vii Resistant Rag1 M Hill et al., 
2006b
Pi 243540 iV Resistant Rag2 F Mian et al., 
2008b
UGA-MOn Vi Resistant
Pi 200538 Viii Resistant Rag2 F Hill et al. 
2009
‘cnS’ Vii Moderately 
Resistant
Hill et al., 
2004b
‘Wyandot’ ii Susceptible
Table 2. Soybean aphid populations and participating years.
State or 
Province
Abbre-
viation Institution
Participating years†
2008 2009 2010
illinois iL University of illinois X
indiana in Purdue X L
iowa iA iowa State University X X X
Kansas KS Kansas State 
University
L L L
Michigan Mi Michigan State 
University
X X L
Minnesota Mn University of 
Minnesota
X X X
north Dakota nD north Dakota State 
University
X X
Ohio OH USDA X L X
Ontario On Ag canada X X X
South Dakota SD South Dakota State 
University
X L‡
Wisconsin Wi University of 
Wisconsin, AgStat
X X L
† X = data used for hierarchical analysis; L = low population development, data was 
not used for hierarchical analysis.
‡ Regionally collected laboratory strain.
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artificially infested soybean indicator lines were established at 8 
to 11 locations per year during 2008 to 2010 (Table 2). Each soy-
bean plant was rated, and the average rating across the 10 soybean 
plants within the plot cage was reported. The experiment was 
replicated three times at each location in an individual year.
Population determination of Biotype
The soybean indicator lines were artificially infested with five 
aptarae aphids per plant when soybean plants produced the first 
fully expanded trifoliate leaf (i.e., V2 stage,). The susceptible 
check Wyandot was monitored weekly for aphid population 
development. The entire experiment was rated when aphid pop-
ulations reached an average of 800 aphids per plant on Wyandot. 
If the aphid population growth was delayed because of weather 
or other factors, then ratings were conducted before aphid popu-
lations reached at least 800 aphids per plant on Wyandot. Aphid 
resistance was visually rated for 10 plants in each cage using a 0 
to 4 rating scale developed by Mensah et al. (2005, 2008), where 
plants scoring a “0” are considered resistant to soybean aphid and 
a score of “4” means that a plant is fully susceptible or aphids are 
totally virulent. An average rating was given for each plot of 10 
plants. Three replicates were performed at each location in an 
individual year. The scale is as follows: 0 = no soybean aphids, 
plant is normal and healthy; 0.5 = less than 10 soybean aphids 
per plant, no colony formation; 1 = 11 to 100 soybean aphids per 
plant, plant appears normal and healthy; 1.5 = 101 to 150 soybean 
aphids per plant, mostly on the young leaves of the plant; 2.0 = 
151– 300 soybean aphids per plant, mostly on the young leaves 
and the tender stem at top of plant, plant appears normal and 
healthy; 2.5 = 301–500 soybean aphids per plant, plant appears 
healthy; 3.0 = 501– 800 soybean aphids per plant, leaves slightly 
curly and shiny, young leaves and stems covered with aphids; 3.5 
= more than 800 soybean aphids per plant, plants stunted, leaves 
curled, slightly yellow, no sooty mold, and few cast skins; and 4.0 
= more than 800 soybean aphids per plant, plants stunted, leaves 
severely curled, yellow, covered with sooty mold, and cast skins.
The rate of soybean aphid population growth is influenced 
by several factors including temperature and humidity. This 
influence of abiotic factors on aphid populations was noticeable 
in our data because of the high level of variation by location for 
ratings taken from susceptible soybean check (Wyandot). To 
normalize the rating data across locations, we created a damage 
index (DI) that adjusts ratings by different soybean aphid popu-
lation growth rates to a common scale, before data analysis. 
The data set is normalized by using the average scale value of 
Wyandot in the damage index as described below:
DI = Scale value of indicator line    100.
Average scale value of Wyandot
The classification is as follows: Resistance (-) = average DI less than 
40%; Moderate-Resistance (+) = average DI is greater than or equal 
to 40% and less than or equal to 60%; Susceptible (++) = DI is greater 
than 60% (Mensah et al., 2005). The classification system was based 
on previous observations that a soybean genotype with a DI value 
less than 40% did not typically demonstrate symptoms of damage 
above the economic threshold of 250 aphids/plant until the end of the 
growing season (Mensah et al., 2005; Ragsdale et al., 2007).
data Analysis
All statistical analyses were conducted with R (R Core Team, 
2013). Mean comparisons of the DI were conducted using the 
Fisher least significant difference procedures   = 0.05 within 
a location within a single year. The linear models procedure in 
R using the “Agricolae” package was used for statistical analysis 
(Mendiburu, 2014). Furthermore, the DI data sets were sub-
jected to hierarchical cluster analysis using Euclidian distances 
and “heatmap 0.2” function in R (from the “gplots” package) 
to generate visual representations of all DIs in a clustergram 
(Warnes et al., 2013). The DI data was used to normalize across 
locations within a field season. The hierarchical clustering was 
used to (i) group together various soybean aphid populations 
that responded more similarly on the panel of soybean indi-
cator lines and (ii) group together the soybean indicator lines 
that responded more similarly in different environments. It was 
anticipated that soybean aphid populations collected in adja-
cent states or provinces would respond to the panel of soybean 
indicator lines more similarly than soybean aphid populations 
collected more distantly. Similarly, it was anticipated that soy-
bean indicator lines with aphid resistance genes mapped to 
similar regions in the soybean genome would provide pro-
tection to similar aphid populations compared with soybean 
indicator lines that differed in aphid resistance genes.
To perform the analysis, the average DI was transformed by 
(50-DI); the transformation allowed for ratings in the suscepti-
ble category to have a negative value and ratings in the resistant 
categories to have positive values. Hierarchical clustering is a 
form of cluster analysis that requires no prior specification of 
the number of clusters present in the data. Instead, it generates 
a hierarchy of relationships based on a distance function (Hastie 
et al., 2001). Heatmap 0.2 performs agglomerative clustering, 
which is a stepwise, “bottom-up” strategy that recursively 
groups the most similar soybean aphid populations’ response 
to the soybean indicator lines as well as similarity of the soy-
bean indicator lines performance subjected to the soybean 
aphid populations. In addition, two dendrograms are produced 
that demonstrate the level of similarity between the soybean 
aphid population response and indicator soybean line perfor-
mance; the shorter the path along the dendrogram between two 
responses, the more similar the correlation patterns. The output 
from the clustering algorithm provided a graphical display of 
similarity of the soybean aphid population response to the soy-
bean indicator lines as well as similarity of the soybean indicator 
lines performance subjected to the soybean aphid populations.
RESulTS ANd dISCuSSIoN
virulence Profiling of Soybean Aphid 
Populations
Soybean aphid populations were collected from 28 soybean 
fields from 11 United States and a Canadian province across 
3 yr. Indiana, North Dakota, and South Dakota were not 
included in the survey in 2008. In addition, soybean aphid 
populations were not collected from Illinois in 2008 and 
2010 because of low aphid pressures and difficulties with 
finding a local isolate. The susceptible indicator line, Wyan-
dot, did not reach a rating of 3 for a number of locations, 
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soybean aphid population that is able to colonize soybeans 
with Rag1, Rag2, or pyramid of Rag1/Rag2 genotype; this 
study did not directly assess soybeans with a pyramid Rag1/
Rag2 genotype, and, therefore, the frequency of Biotype 4 
cannot be directly determined. That being said, soybean 
aphid populations with the capacity to colonize soybeans 
with either Rag1 or Rag2 appeared rare, with only 7% of 
the 28 soybean aphid populations able to colonize soybean 
with Rag1 and Rag2 genotypes.
In general, the virulence profile varied within a region 
from year to year (Tables 4–6). Soybean aphid populations 
collected from Wisconsin frequently had the widest spec-
trum of virulence and readily colonized many of the soy-
bean indicator lines across the 3 yr. Soybean aphids were 
initially discovered in Wisconsin and thus may have the 
larger initial genetic diversity compared with other regions 
(Hartman et al., 2001). Plant introduction 567598B had 
the broadest spectrum of protection across 3 yr, with only 
18% of the soybean aphid populations able to develop on 
these plants (Table 3). Plant introduction 567598B is a 
including Indiana (2010), Kansas (2008–2010), Michigan 
(2010), Ohio (2009), South Dakota (2010), and Wisconsin 
(2010). Although the DI is reported, the above locations 
were not used for hierarchical analysis. The virulence reac-
tion for Biotypes 1, 2, and 3 has not been reported to a 
number of the soybean indicator lines present in this survey 
(Kim et al., 2008b; Mian et al., 2008b; Hill et al., 2010). 
Thus, the 28 soybean aphid populations were assessed with 
an expanded panel of soybean indicator lines than previ-
ously designated biotypes. The frequency of populations 
virulent to individual soybean indicator lines across all 
geographies and years is depicted in Table 3. Furthermore, 
the soybean aphid virulence profiles of the populations for 
each location and year are listed in Tables 4–6. The DI index 
for each population is depicted in supplemental material in 
Tables S1–S3. Across all locations and years, 54% of the 28 
soybean aphid populations were able to colonize soybeans 
with Rag1 genotype, were not able to colonize soybeans 
with Rag2 genotype, and could be classified as Biotype 2. 
Similarly, 18% of the 28 soybean aphid populations were 
able to colonize soybeans with Rag2 genotype, were not 
able to colonize soybeans with Rag1 genotype, and could 
be classified as Biotype 3. Biotype 4 is characterized as a 
Table 3. Frequency of populations colonizing indicator lines 
across all locations and years.
Indicator 
line Gene Resistant
Mod-
erately 
resistant
Suscep-
tible
Number of 
observa-
tions (n)
‘cnS’ 11% 11% 79% 28
‘Dowling’ Rag1 29% 11% 61% 28
‘Jackson’ Rag 36% 14% 50% 28
K1621 [Rag]_K1621 25% 11% 64% 28
Pi 200538 Rag2 61% 14% 25% 28
Pi 243540 Rag2 26% 7% 67% 28
Pi 567541B rag1c, rag4 50% 14% 36% 28
Pi 567598B rag1b, rag3 64% 18% 18% 28
UGA-MOn 43% 32% 25% 28
Table 4. Soybean aphid virulence profiles on indicator lines 
in 2008.
Line
Soybean aphid field populations†
ND SD KS MN IA WI IL MI IN ON OH
‘cnS’ nD nD – ++ ++ ++ nD ++ nD + –
‘Dowling’ nD nD – – ++ + nD ++ nD ++ ++
‘Jackson’ nD nD – – ++ ++ nD ++ nD ++ ++
K1621 nD nD – ++ ++ ++ nD ++ nD + +
Pi 200538 nD nD – – ++ ++ nD + nD + –
Pi 243540 nD nD – ++ ++ ++ nD ++ nD – –
Pi 567541B nD nD – ++ ++ ++ nD – nD – –
Pi 567598B nD nD – + ++ + nD – nD – –
UGA-MOn nD nD – – ++ ++ nD – nD – –
‘Wyandot’ nD nD ++ ++ ++ ++ nD ++ nD ++ ++
† – indicates an average damage index (Di) less than 40%; + indicates an average Di 
is greater than or equal to 40% and less than or equal to 60%, ++ indicates a Di is 
greater than 60%; nD indicates no data.
Table 5. Soybean aphid virulence profiles on indicator lines 
in 2009.
Line
Soybean aphid field populations†
ND SD KS MN IA WI IL MI IN ON OH
‘cnS’ ++ ++ ++ ++ ++ ++ + – ++ ++ +
‘Dowling’ – – – + + ++ ++ – ++ – –
‘Jackson’ – – + ++ – ++ + + ++ – –
K1621 ++ ++ ++ ++ ++ ++ – ++ – ++ –
Pi 200538 ++ ++ + ++ – ++ – – – ++ –
Pi 243540 ++ ++ ++ + ++ ++ – + ++ ++ –
Pi 567541B + + + ++ ++ ++ – – – ++ +
Pi 567598B – – – – – + – – – – ++
UGA-MOn + + – ++ ++ ++ – – ++ + –
‘Wyandot’ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
† – indicates an average damage index (Di) less than 40%; + indicates an average 
Di is greater than or equal to 40% and less than or equal to 60%; ++ indicates a Di 
is greater than 60%.
Table 6. Soybean aphid virulence profiles on indicator lines 
in 2010.
Line
Soybean aphid field populations†
ND SD KS MN IA WI IL MI IN ON OH
‘cnS’ ++ ++ ++ ++ ++ ++ nD ++ ++ ++ ++
‘Dowling’ ++ ++ ++ ++ ++ ++ nD ++ ++ ++ ++
‘Jackson’ ++ + ++ ++ – ++ nD – ++ ++ –
K1621 ++ – ++ ++ – ++ nD – ++ ++ –
Pi 200538 – – + – – – nD – – – –
Pi 243540 ++ – ++ ++ – ++ nD ++ ++ ++ –
Pi 567541B + ++ – – – ++ nD – – – ++
Pi 567598B + ++ – – – ++ nD – – – ++
UGA-MOn ++ + – – + – nD + ++ ++ +
‘Wyandot’ ++ ++ ++ ++ ++ ++ nD ++ ++ ++ ++
† – indicates an average damage index (Di) less than 40%; + indicates an average Di 
is greater than or equal to 40% and less than or equal to 60%; ++ indicates a Di is 
greater than 60%; nD indicates no data.
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natural pyramid of two loci, rag1b and rag3 (Mensah et al., 
2005; Bales et al., 2013). Combining different insect resis-
tance genes, assuming the insect is less likely to develop 
resistance to more than one gene simultaneously, can delay 
resistance development by orders of magnitude. This may 
be a contributing factor in the observation that PI 567598B, 
which is a natural stack, provides the broadest resistance 
(Mani, 1985). In contrast, 79% of the soybean aphid pop-
ulations were able to colonize the soybean indicator line 
‘CNS’ across the 3 yr. CNS was previously identified as 
having antixenosis-based resistance in a 21-d choice assay 
and medium level of resistance in a 7-d no-choice assay in 
the growth chamber (Hill et al., 2004b). Antixenosis-based 
resistance is often overcome in a no-choice situation (Van 
Emden and Harrington, 2007). It was expected that soy-
bean aphids might colonize CNS in the absence of choice 
in a longer-duration assay.
Hierarchical Clustering of Environmental 
Populations across years
A clustergram was obtained using hierarchical cluster anal-
ysis of Euclidian distances and heatmap 0.2 function in R 
(Fig. 1a–c). The figure shows all soybean aphid popula-
tions by year on the basis of virulence reaction to soybean 
indicator lines. The clustering was based on the DI of the 
soybean aphid populations with no prior specification of 
the number of clusters present in the data. The analysis 
was performed to evaluate regional distribution of soybean 
aphid populations on the basis of virulence to the soybean 
indicator lines. It was expected that soybean aphid pop-
ulations collected in adjacent regions would group more 
closely than soybean aphid populations collected more 
distantly. The soybean aphid populations collected from 
nearby regions, such as Ohio and Ontario or Wisconsin 
and Iowa, were often grouped within the same clade in 
2008 (Fig. 1a). A similar trend was observed with soybean 
aphid populations collected from nearby regions being 
grouped within the same clade in 2009, with Wisconsin 
and Minnesota, South Dakota and North Dakota, Indiana 
and Illinois being grouped together (Fig. 1b). The trend 
was not observed in 2010, with soybean aphid populations 
collected from nearby regions often performing differently 
on the soybean indicator lines (Fig. 1c). The soybean aphid 
populations in 2008 and 2009 were collected early in the 
season to increase likelihood of the soybean aphid pop-
ulations being two to three generations from buckthorn 
(Rhamnus spp.). Soybean aphid populations were generally 
low in 2010. Many of the soybean aphid populations were 
collected later in the season compared with previous years 
owing to difficulties in finding soybean aphid field popula-
tions. As a result, many of the soybean aphid populations 
collected in 2010 may have contained soybean aphid pop-
ulations that did not originate from nearby buckthorn. 
Instead, the soybean aphid populations were likely derived 
from migratory populations that originated from several 
regions within the study. Furthermore, the virulence of 
soybean aphid populations collected within a region was 
not uniform from year to year. ‘Dowling’ was susceptible 
to soybean aphid populations collected in Iowa, Michigan, 
Ohio, and Ontario in 2008, but it was resistant to soybean 
aphid populations collected in the same regions in 2009.
The unpredictive clustering and virulence of geo-
graphic populations may be attributed to the complicated 
life cycle and ability of soybean aphids to migrate large 
distances (Ragsdale et al., 2011; Schmidt et al., 2012). 
Soybean aphids have three distinct phases that influence 
the frequency of virulence within a population: spring 
migration from buckthorn to soybean, asexual partheno-
genetic reproduction on soybean, and autumn migration 
from soybean to buckthorn, where sexual reproduction 
that includes an egg stage occurs (Michel et al., 2011). In 
the spring, nymphs hatch and produce three or more asex-
ual generations on buckthorn before emigrating to soy-
bean. Soybean aphids have many overlapping generations, 
both wingless and winged forms that occur on soybean 
throughout the growing season. Although soybean aphids 
are weak fliers, they are able to migrate large distances on 
prevailing winds (Schmidt et al., 2012). This is demon-
strated by the rapid expansion of soybean aphids in North 
America. Soybean aphid was first detected in Wisconsin 
in 2000. By 2003, soybean aphid was detected in 23 states 
and provinces (Ragsdale et al., 2011). Furthermore, Michel 
et al. (2009) demonstrated that early soybean aphid popu-
lations were genetically distinct across geographies, likely 
because of the genetic bottleneck imposed by the soybean 
aphid sexual forms returning to buckthorn. By contrast, 
later season soybean aphid populations had insignificant 
amounts of genetic differentiation among aphid popula-
tions collected over 1500-km distances, suggesting expan-
sive migration in the summer season or natural selection.
Hierarchical Clustering of Soybean Aphid 
Population Colonization on Soybean 
Indicator lines across years
A clustergram was obtained by using hierarchical cluster 
analysis using Euclidian distances and heatmap 0.2 function 
in R (Fig. 1d–f ). The figure shows all soybean populations 
by year based on virulence reaction to soybean indicator 
lines. The analysis was performed to evaluate the level of 
soybean aphid population virulence on soybean indicator 
lines and ascertain if soybean aphid populations virulent 
to particular soybean indicator lines were often resistant 
to the same indicators across geographies and years.
Rag2 was independently mapped in two soybean indi-
cator lines, PI 200538 and PI 243540 (Kang et al., 2008; 
Mian et al., 2008b; Hill et al., 2009). In previous stud-
ies, PI 200538 and PI 243540 possess a similar biotype 
virulence profile: Biotype 3 aphids are able to colonize 
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both lines and Biotypes 1 and 2 are unable to colonize PI 
200538 and PI 243540 (Hill et al., 2010). PI 200538 and 
PI 243540 did not cluster within the same clade across all 
3 yr (Fig. 1d–f ). This suggested that the different sources 
of Rag2 gene may confer different spectra of resistance to 
soybean aphid populations used in this study. PI 243540 
and K1621 clustered closely together across all 3 yr. Meng 
(2010) identified an aphid resistance quantitative trait 
locus in a similar region to Rag2 from K1621. The soybean 
aphid population profile on PI 243540 and K1621 sug-
gested that the soybean indicator lines confer plant protec-
tion to similar soybean aphid populations.
Dowling and ‘Jackson’ were delineated within the 
same subgroup in 2008 and 2009 (Fig. 1d, 1e). Further-
more, Dowling and Jackson had a similar distribution of 
soybean aphid populations that were classified as resistant, 
moderately resistant, and susceptible across the 28 popula-
tions. Rag1 from Dowling and an unnamed Rag gene from 
Jackson were mapped to a similar region on LG M (Hill 
et al., 2006a; Hill et al., 2006b). In 2006, a soybean aphid 
able to colonize soybean plants with Rag1 was identified 
in Ohio. Similarly, Kim et al. (2008b) observed that the 
Ohio population (Biotype 2) was able to colonize both 
Dowling and Jackson. Possibly, cross-resistance between 
Rag1 and the unnamed Rag gene from Jackson could 
reduce the potential efficacy if the alternative unnamed 
Rag gene from Jackson was deployed. Currently, no com-
mercial soybean cultivars are being marketed carrying the 
unnamed Rag gene from Jackson.
PI 567898B and PI 567541B often clustered closely 
together and within the same clade in 2008 and 2010 (Fig. 
1d, 1f ). Antibiosis-based resistance was also identified in 
PI 567541B and PI 567598B and found to be natural gene 
pyramids, controlled by two recessive genes (Mensah et 
al., 2005; Mensah et al., 2008). The soybean aphid resis-
tance genes rag1b and rag3 were identified in PI 567898B, 
while rag1c and rag4 were identified in PI 567541B (Zhang 
et al., 2010). Resistance genes rag1b and rag1c map to simi-
lar regions, while rag3 and rag4 mapped to different regions 
and were different resistance genes (Zhang et al., 2010). 
Only 18 and 38% of the soybean aphid populations were 
able to colonize PI 567898B and PI 567541B, respectively, 
possibly because of resistance against a broader range of 
soybean aphid virulence genes rather than the similarity 
of genes conferring resistance (Table 3).
CoNCluSIoNS
Despite the limited use of Rag genes and the estimates of 
low soybean aphid genetic diversity, at least one of the 20 
soybean aphid populations collected from 2008 to 2010 was 
identified to proliferate on all of the nine soybean indicator 
lines. This suggested that soybean aphid in North America 
has a high degree of virulence diversity. Virulent pest pop-
ulations are often believed to arise from selection pressure 
exerted by the overuse of hosts that are resistant to the pest. 
For the soybean aphid in North America, this explana-
tion may not be appropriate. The soybean indicator lines 
(CNS, Dowling, Jackson, K1621, PI 200538, PI 243540, 
PI 567541B, PI 567598B, and UGA-MON) were selected 
because of their importance in private and public breed-
ing programs. However, soybean-aphid-resistant cultivars 
have only been recently commercially available to farmers 
in North America (McCarville et al., 2012). During the 
period of this study, soybean aphids have been exposed to 
limited selection pressure from the resistance genes evalu-
ated. Furthermore, the soybean aphid was an exotic species 
introduced into North America. It appeared to have a 
genetic bottleneck, limiting the amount of genetic diversity 
compared with the genetic diversity available in its native 
range of East Asia, which does not explain the virulence 
diversity found in this study (Michel et al., 2009).
Porter et al. (2000) observed a similar trend with 
greenbug resistance [Schizaphis graminum (Rondani)], 
where the biotypes were identified before large-scale 
deployment of resistant wheat, Triticum aestivum L., and 
sorghum, Sorghum bicolor (L.) Moench. In greenbug, sexual 
reproduction and populations proliferating on nonculti-
vated grasses have been suggested to increase the genetic 
diversity and likelihood for development of new biotypes 
(Porter et al., 2007). Similar to greenbug, soybean aphid 
is holocyclic and has two major hosts, soybean and buck-
thorn (Ragsdale et al., 2004). The holocyclic life cycle, 
in conjunction with sexual reproduction on the return to 
the alternate host, common buckthorn, increases genetic 
diversity within populations and likelihood of new bio-
types (Porter et al., 2007).
The duration of effectiveness of a particular soybean-
aphid-resistant gene may be limited by soybean aphid vir-
ulence variability. Therefore, it is critical to deploy aphid 
resistance genes in a manner that maximizes the effec-
tiveness and durability of resistance. Three strategies have 
been previously described by Dogimont et al. (2010) to 
limit outbreaks of aphids. First, continue to identify new 
resistance genes to control multiple aphid biotypes. Over 
3500 soybean germplasm accessions have been screened 
for soybean aphid resistance, with only 30 soybean acces-
sions being identified as resistant and the number of the 
resistance genes mapping to similar regions in the genome 
(Hill et al., 2004a; Hill et al., 2004b; Mensah et al., 2005; 
Diaz-Montano et al., 2006; Mian et al., 2008a; Jun et al., 
2012; Bansal et al., 2013; Fox et al., 2014 Hesler, 2013; Jun 
et al., 2013; Kim et al., 2014; Xiao et al., 2013; Bhusal et 
al., 2014; Liu et al., 2014). This approach may not be fea-
sible owing to the limited ability of finding new resistant 
soybean accessions, quick adaptation of soybean aphid, and 
the time needed to identify, map, and genetically char-
acterize resistance genes and incorporate them into com-
mercial cultivars via marker-assisted selection. Another 
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strategy is to increase the spectrum of resistance against 
multiple biotypes by pyramiding resistance genes. A mod-
eling study suggested that combining more than one resis-
tance gene in a single cultivar may be more durable than 
sequential releases of single resistance genes (Painter, 1958; 
Roush, 1998). Wiarda et al. (2012) and McCarville and 
O’Neal (2013) evaluated the rate of soybean aphid popula-
tion growth of a single soybean aphid population on soy-
beans with either the Rag1 and Rag2 individually or both 
genes together and observed that the soybean line with 
Rag1 and Rag2 together had significantly lower soybean 
aphid populations than lines with either Rag1 and Rag2 
alone. Although this study demonstrated increased efficacy, 
it did not address durability. Porter evaluated the efficacy 
of pyramiding resistance genes in wheat against greenbug 
(2000). Lines with resistance genes Gb2, Gb3, and Gb6 and 
pyramided Gb2/Gb3, Gb2/Gb6, and Gb3/Gb6 were tested 
for effectiveness against a number of biotypes, including 
E, F, G, H, and I. In this system, plants with two genes 
did not provide additional spectrum of control against bio-
types compared with plants with one gene.
The third strategy is to develop cultivars with resis-
tance controlled by multiple, quantitative, or recessive loci 
(Dogimont et al., 2010). In this study, PI 567541B and 
PI 567598B are natural gene pyramids, with resistance in 
each accession controlled by two recessive genes (Mensah 
et al., 2005; Mensah et al., 2008). Similar to the observa-
tions of Wiarda et al. (2012) and McCarville and O’Neal 
(2013), the soybean indicator lines with two genes, PI 
567541B and PI 567598B, had the widest spectrum of 
resistance to soybean aphid populations.
Although soybean aphid populations within North 
America had the ability to colonize aphid resistant acces-
sions in this study, the risk of aphid biotypes to the soy-
bean grower is not well understood. Information on bio-
type frequency patterns, distribution, and migration is 
needed to determine the actual risk of aphid biotypes. 
Further nationwide sampling of soybean aphids and viru-
lence characterization are needed to better understand the 
virulence variability, frequency, and geographic distribu-
tion of biotypes. Our data suggested that greater viru-
lence variability of soybean aphid occurred in Wisconsin, 
the state where soybean aphid was first detected in 2000 
(Ragsdale et al., 2004). More study of the virulence vari-
ability of migrant and local soybean aphids is needed.
Survival of soybean aphids on aphid-resistant soybeans 
may not be due to biotype virulence. Aphids have been 
observed to manipulate the quality of their host plant. For 
example, Sauge et al. (2006) observed that Myzus persicae 
feeding on peach (Prunus persica) increased the survivor-
ship for conspecifics that later coinfested a shared host 
plant. Similarly, Chiozza et al. (2010) observed changes 
in the amino acid profile of soybean (both cultivars sus-
ceptible and resistant to aphids) after colonization by 
soybean aphids that presumably improved the nutritional 
quality of soybean for the aphid. Furthermore, Baluch et 
al. (2012) observed that virulent biotypes of Hessian fly 
improved the survival of avirulent biotypes when they 
shared a resistant wheat cultivar. By artificially infesting 
soybean plants, possibly with multiple biotypes within 
cages, we may have facilitated the survival of avirulent 
soybean aphids, which may have resulted in an overesti-
mation of soybean aphid colonization. Determination of 
biotype virulence frequency with aphid genetic markers 
would greatly help increase the accuracy of the estimates 
of virulent soybean aphid biotypes.
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